Abstract-Many have demonstrated that anadromous Pacific salmon are significant vectors of nutrients from the ocean to freshwaters. Recently, however, it has been recognized that salmon spawners also input significant quantities of contaminants. The objectives of this paper are to delineate the extent to which salmon-derived nutrients are integrated into the freshwater food web using ␦ 15 N and ␦ 13 C and to assess the influence of the salmon pathway in the accumulation of contaminants in rainbow trout (Oncorhynchus mykiss). We found that the ␦ 15 N and ␦ 13 C of food web components were related positively and significantly to sockeye salmon (Oncorhynchus nerka) spawner density. Contaminant concentrations in rainbow trout also positively and significantly were related to sockeye salmon spawner density. These data suggest that the anadromous salmon nutrient and contaminant pathways are related and significantly impact the contaminant burden of resident fish.
INTRODUCTION
The impact of variable abundances of anadromous Pacific salmon on freshwater and terrestrial communities has been a subject of intense study over the past decade [1, 2] . Pacific salmon accumulate most of their biomass in the marine environment (often Ͼ95%) and then return to their natal freshwaters to spawn and subsequently die [3] . Accordingly, they have been identified as significant nutrient transport vectors into freshwater lakes and streams. Stable nitrogen isotope composition (␦ 15 N) has proven particularly useful in elucidating the impact of salmon nutrient loading. Sockeye salmon (Oncorhynchus nerka) have a ␦ 15 N signature of 11 to 12‰, which is enriched greatly relative to atmospheric sources of nitrogen and to terrestrial inputs [4] . In the present paper, we set out to test whether salmon-derived nutrients could be traced not only at the base of the food web, but also in top predators from selected lakes that span a wide gradient of salmon returns.
We also highlight herein the potential of ␦
13
C in tracking salmon inputs. Earlier research has demonstrated that, with increasing productivity, algae exhibit an enrichment in 13 C. This enrichment has been attributed to the depletion of dissolved inorganic carbon in the boundary layer of algae (that in turn causes a decrease in the fractionation associated with carbon fixation) and/or a decrease in the fractionation of 13 C when algae are growing more quickly (e.g., [5] [6] [7] ). A few stream studies also have shown significant enrichment of ␦ 13 C, along with ␦ 15 N, when comparing food web components between sites with and without spawning anadromous salmon [8] [9] [10] . The question of how broadly applicable ␦
C is as a salmon tracer, however, has not yet been evaluated. We hypothesize that, along a sockeye salmon spawner density gradient, ␦
C increases in basal food web components (i.e., pri-mary producers and consumers); this is due to increased primary productivity resulting from enhanced nutrient loading.
The final objective of this paper is to test whether or not increased sockeye salmon spawner loading to nursery lakes results in increased contaminant burdens in resident fish. Recent research has demonstrated that Pacific salmon are important vectors of contaminant transport from the ocean to their freshwater spawning grounds [11] [12] [13] [14] [15] [16] . Krü mmel et al. [14] found a significant positive relationship between density of sockeye salmon returns to a lake and the lake's sedimentary concentration of polychlorinated biphenyls (PCBs). Here, we determine the degree to which salmon-derived contaminants accumulate in a resident fish species in these nursery lakes. The input of salmon spawners to an ecosystem can alter food webs directly through providing a rich prey resource and indirectly through stimulating production at the base of the food web [1] . Based on the existing literature on food web structure and contaminant biomagnification (e.g., [17] ), organisms from lakes receiving the most salmon-derived contaminants also should show the highest concentration of persistent organic pollutants (e.g., PCBs and sum dichlorodiphenyltrichloroethane analyte concentrations [⌺DDT] ). To test this hypothesis, we have collected and analyzed rainbow trout (Oncorhynchus mykiss) from a pronounced gradient of salmon inputs, from lakes where there were no sockeye salmon spawners, to lakes where there were as many as approximately 20,000 sockeye salmon spawners ϫ km Ϫ2 . Overall, the present study, to our knowledge, is the first to elucidate the importance of different pathways through which salmon nutrient and contaminant pathways are taken up by inland aquatic food webs.
MATERIALS AND METHODS

Site location/sampling
Our study lakes are located in western North America (i.e., Alaska, USA, and British Columbia and Alberta, Canada; Ta- (Table 2) . We are confident that all of our rainbow trout are freshwater residents because they are too small to be anadromous rainbow trout (i.e., steelhead). All rainbow trout that had potential access to the sea were between 25.8 to 49.5 cm fork lengths, whereas steelhead are predominantly greater than 60 cm in fork length [18, 19] . Smaller steelhead (between 40-60 cm) most commonly are males (i.e., jacks; B. Ward, British Columbia Ministry of Water, Land and Air Protection, Vancouver, Canada, personal communication), and only three of our fish were both male and over 40 cm in length (and only one of these was from a lake with high sockeye salmon densities).
Each fish was wrapped in solvent-cleaned aluminum foil, then placed in individual plastic bags and frozen. Frequency Environ. Toxicol. Chem. 26, 2007 I. Gregory-Eaves et al.
of occurrence of prey items in the gut was conducted for all rainbow trout collected in 2002. In addition, volumetric stomach analyses were conducted on 11 of the 18 fish collected in 2002 following the methods outlined in Vander Zanden et al. [20] . For our stomach content analyses, prey items were identified as: Plant material, gastropod, oligochaete, insects, small fish, and salmon eggs. All fish were aged through otolith analyses following standard protocols by the Fish Ageing Lab at the Department of Fisheries and Oceans in Nanaimo, British Columbia.
Stable isotope analysis
Stable isotope ratios are expressed as ␦ 15 N and ␦
13
C following standard protocols [21] . All samples were analyzed at the G.G. Hatch Isotope Facility at University of Ottawa. To prepare samples for isotope analyses, tissues were freeze-dried and homogenized. For fish tissues, care was taken to collect only dorsal, white muscle tissue, to ensure the consistency of results within a fish and across fish. For the periphyton samples, C isotope analyses were conducted on both untreated and acidified samples to evaluate the presence of carbonates in the periphyton (only untreated samples were analyzed for ␦ 15 N). Periphyton samples were acidified via fumigation, whereby periphyton was moistened with high-performance liquid chromatography-grade water and placed in a sealed vessel along with an open beaker full of concentrated HCl for 24 h. Only very modest differences in ␦ 13 C were found between pre-and postacid-treated periphyton samples (mean difference was 0.82‰). Only postacid-treated results are discussed below. Replicate samples for all sample matrices were run and represented an average precision of 0.15‰ for ␦ 13 C (n ϭ 9) and 0.28‰ for ␦ 15 N (n ϭ 8).
Trophic position for each fish (T i ) in the data set was estimated using a modified version of the formula proposed by Vander Zanden et al. [20] :
, where baseline ␦ 15 N was determined from zooplankton measurements.
Contaminant and lipid analysis
Extraction. Samples were analyzed in a randomized order to reduce the potential for bias extraction and analytical bias. Eight grams of sockeye salmon or rainbow trout white muscle with skin (wet wt) or sockeye salmon gonadal tissue were ground up in precleaned Hydromatrix (Varian, Harbour City, CA, USA). The mixture was packed into cells for the accelerated solvent extractor ([ASE], Dionex Corporation, Sunnyvale, CA, USA) and spiked with PCBs 30 and 204, as well as 1,2,4,5, tetrabromobenzene, ␦-hexachlorohexane, and endrin ketone. All spiking standards were obtained from National Laboratory for Environmental Testing (Environment Canada, Burlington, ON, Canada). The samples were extracted in the ASE with dichloromethane and then hexane. All solvents used were Omnisolv (Reagents Inc., Charlotte, NC, USA) highpurity grade. Lipids were removed by running the extract through an automated gel permeation chromatography column (Analytical Bio Chemistry, College Station, TX, USA) with a 45:55 mixture of dichloromethane and hexane. Cleanup and fractionation was accomplished by passing the extract through a chromatographic column packed with activated silica gel. The nonpolar contaminants (i.e., PCBs and some organochlorine [OC] pesticides) first were eluted off of the column by flushing the column with hexane. The more polar contaminants (i.e., most of the OC pesticides) were eluted off of the column by flushing it with a polar solvent mixture of 1:1 solution of dichloromethane:hexane. As a last step, samples were evaporated down to 500 l in iso-octane, to which a spike of 25 l of Mirex (Ultra Scientific, North Kingstown, RI, USA) was added as a volume corrector.
To determine lipid content, approximately 3 g of muscle tissue with skin from the tissue directly next to that taken for contaminant analysis was mixed with Hydromatrix and extracted with dichloromethane in the ASE. The extract then was left to evaporate to complete dryness and then the lipid weight was determined gravimetrically.
Analytical. The PCBs and OCs were analyzed on a HewlettPackard 6890 series II gas chromatograph with a 63 Ni micro electron-capture detector (Agilent Technologies, Santa Clara, CA, USA) using splitless injection with an initial temperature of 250ЊC. One microliter of extract was injected and carried by a flow of helium onto a 30 m ϫ 0.25 mm (0.25-M film thickness) DB-5MS column (Agilent Technologies). Chromatographic peaks were interpreted using HP Chemstation software (Rev. A.06.03; Agilent Technologies). Compounds were identified by running sets of standards with known concentrations and comparing their retention times with those of the sample compounds. From the 209 PCB congeners in the standard mixture, approximately 100 peaks could be obtained. We also analyzed our extracts for the following: p,pЈ-dichlorodiphenyldichloroethylene (DDE), p,pЈ-dichlorodiphenyldichloroethane (DDD), o,pЈ-DDT, and our OC standards.
Analytical blanks (n ϭ 8), which were comprised only of precleaned Hydromatrix but went through all sample extraction procedures, contained an average of 172 pg ⌺PCB ϫ g Ϫ1 and 113 pg ⌺OC ϫ g Ϫ1 based on a sample weight of 8 g. Recoveries based on all muscle ϩ skin tissue were 63.7 Ϯ 7.8% standard deviation (SD) for PCB 30, 74.1 Ϯ 7.7% SD for PCB 204, 49.5 Ϯ 4.7% SD for 1,2,4,5 tetrabromobenzene, 42.8 Ϯ 4.5% SD for ␦-hexachlorohexane, and 73.2 Ϯ 26.2% SD for endrin ketone. All samples were blank and recovery corrected, where an average recovery of the PCBs and OCs was applied to each of the respective analytes. With each batch of fish samples analyzed, we also analyzed certified reference material (National Institute of Standards and Technology 2978 Mussel Tissue, Gaithersburg, MD, USA). The average coefficient of variation in the reference material was 8.2% for ⌺PCBs and 18% for ⌺DDTs (n ϭ 7). The average recovery in the National Institute of Standards and Technology standard for 11 PCB congeners and four DDTs (including metabolites) was 65 Ϯ 15% SD and 70 Ϯ 8% SD, respectively.
Statistical analyses
Because all analyses performed were parametric tests, variables that were not distributed normally were either log (PCB 101, ⌺PCB, ⌺DDT, fish wt), arcsine (% lipid), or square-root transformed (fork length). All regression and correlation analyses were performed using SYSTAT v. 10 (Systat Software, Richmond, CA, USA).
Each fish was treated as an independent observation in the regression analyses. It is conceivable, however, that contaminant levels in individual fish within the same lake are not independent, as might be the case, for example, if the density of conspecifics influenced growth rate; and contaminant concentrations were causally related to growth. To address this issue, we calculated the intraclass correlation (ICC), using lakes as groups. The ICC statistic provides us with a measure of nonindependence, where an ICC of 1 would indicate that . We have applied linear models to these plots (Table 3 ) because sparse data at the high end of the gradient do not warrant more complex models. With a sufficiently high spawner density we would expect that 15 values are completely nonindependent and an ICC of 0 indicates that the within-group variation is equal to the betweengroup variation. In cases where the ICC suggested some within-lake independence and our classical regression analysis resulted in rejection of the null hypothesis, we estimated the inflation in true degrees of freedom due to (potential) pseudoreplication required to reject the null hypothesis. To do so, first we conducted 1,000 resampling trials, where in each trial, we bootstrapped n pairs of x and y measures from each lake (n ϭ actual number of samples from each lake), which sums to the total number of samples (m); second, we estimated the corresponding regression model; finally, we randomized the values of the dependent variable in the regression with respect to the independent variable. Over the set of 1,000 trials, the latter step generates the distribution of bootstrapped regression coefficients under the null hypothesis, from which one can define a percentile to resolution 0.001 (e.g., 95th percentile ϭ p ran [0.05]) and to which one can compare the mean (over 1,000 trials) regression coefficient (i.e., b[m]) obtained in step two to estimate a type I error. The above three steps then were repeated, decreasing the size of m sequentially by removing one sample at a time at random. Clearly, as m declines, p ran (0.05) increases: The threshold sample size for which b(m) Ͼ p ran (0.05) defines the minimum true sample size (n min ) for which the null still would be rejected. Evidently, the true sample size must lie between 7 (the number of lakes in the data set, as would be the case if observations within lakes were correlated perfectly) and 25 (the number of fish samples, as would be the case if each fish was an independent observation). The size of n min relative to the estimated ICC is a rough index of the potential error associated with the assumption of independence: If the ICC is comparatively large, and n min is also large, then lack of independence may well be sufficient to result in a type I error. By contrast, if n min is small, then this is unlikely to be the case.
To explore the variability in the full suite of PCBs analyzed in the rainbow trout, as well as sockeye salmon tissues, we conducted multivariate ordination analyses in Canonical Community Ordination software version 4.0 (Biometris, Wageningen, The Netherlands). As a first step, we converted PCB concentration data into percentage data because we were interested in comparing the relative importance of different congeners in each of the samples. We then screened the percentage data to include only those analytes that were present in at least two-thirds of the samples, to remove variation driven by congeners that were below the detection limit in many of our samples (as recommended by Meglen [22] ). With this initial screening, we still retained a large percentage of the relative abundance of congeners analyzed across all samples (i.e., mean and standard deviation of 92.3 Ϯ 6.22%). A square-root transformation then was applied through all of the ordination analyses to downweight the influence of the most abundant congeners. Through a detrended correspondence analysis, we determined that the length of the first axis was 0.7 SD units and thus a linear approach (i.e., principal components analysis) was adopted for our final analysis.
RESULTS AND DISCUSSION
␦ 15 N as a tracer for salmon-derived nutrient inputs
Finney et al. [23] demonstrated that sockeye salmon spawner density could explain significant variation in ␦ 15 N measured in sediments, zooplankton, and sockeye salmon smolt. Here we show, in a second zooplankton data set (some samples collected in the same lakes as Finney et al. [23] but in different years), that this relationship is robust over multiple years and across other lakes ( Fig. 1 and Table 3 ). We also show that periphyton and rainbow trout ␦ 15 N increases significantly along a sockeye salmon spawner density gradient. Whereas several authors have shown that both algal and zooplankton communities can have considerable seasonal variability in ␦ 15 N and ␦ 13 C (e.g., annual range in zooplankton for ␦ 15 N spans 15‰ and for ␦ 13 C spans 13‰; [6, 24] ), within the months of July to August for any particular species or bulk zooplankton, the variability within lakes that do not have significant cyanobacterial populations is on the order of approximately 3‰ [24] [25] [26] . With repeated sampling of zooplankton from Karluk and Spiridon lakes (refer to The n min for ␦ 15 N and ␦ 13 C were lower than the total number of lakes sampled (7). b The n min for rainbow trout trophic was 12, lower than half of the total number of fish sampled.
for ␦
15
N in both periphyton and zooplankton), these trends cannot be explained by seasonality alone.
Compared to lower trophic levels, fish (particularly adult fish) could obtain salmon-derived nutrients via two pathways: Salmon-derived nutrients could be assimilated indirectly from the mineralization of nutrients from carcasses that then are taken up by primary producers and moved up the food web; and salmon-derived nutrients could be assimilated directly through the consumption of spawned salmon tissues by fish. The indirect pathway is the most plausible pathway through which lower trophic levels (e.g., periphyton and zooplankton) take on enriched ␦ 15 N signature in these lakes. Interestingly, no significant difference in the slope of the ␦ 15 N versus spawner relationship for each of the basal trophic level matrices (periphyton and zooplankton) was detected (t ϭ 0.15, p Ͼ 0.50, degrees of freedom ϭ 17), suggesting that benthic and pelagic environments were responding in a similar fashion. Support for the importance of the direct pathway in rainbow trout (i.e., as a result of direct consumption of salmon eggs and carcasses) comes from both diet and statistical results. Unlike the basal trophic levels where no difference in slopes between ␦ 15 N versus spawner density was detected, the slopes for the zooplankton and rainbow trout relationships were significantly different (t ϭ 2.23, p ϭ 0.05, degrees of freedom ϭ 15). Based on stomach content analyses, we know that salmon eggs can be a key part of the diet of rainbow trout, at times contributing as much as 95% of gut contents (by volume). Rainbow trout also may be enriched in ␦ 15 N as a result of eating smaller fish (e.g., sculpin) who themselves feed on salmon tissues. Our regression analyses support the notion that both the indirect and direct pathways are operating in sockeye nursery systems. The indirect pathway of nutrient delivery to rainbow trout, however, appears to be the more important pathway. We found that the ␦ 15 N signature in rainbow trout (a measure that incorporates both the indirect and direct pathways) explains more than double the variation than is explained by the trophic position alone (Table 3) .
␦
C as a tracer for salmon-induced changes in algal productivity and carbon sources
Most of the work on stable isotopes in sockeye salmon nursery lakes has focused on ␦ 15 N. Preliminary comparisons of the ␦ 13 C signature of food web components between sites with and without populations of spawning anadromous salmon, however, have detected significant differences [8, 9, 10] . Food web and limnological studies from salmon-free systems also have demonstrated that ␦ 13 C can be used to identify carbon sources and changes in lentic productivity (e.g., [27, 28] ). Based on this existing literature, we predicted that, within a trophic level, ␦
13
C signatures along a strong sockeye salmon spawner gradient (and hence nutrient loading) would reflect changes in primary productivity. Our results support this prediction because we see a significant increase in ␦ 13 C in periphyton samples distributed across spawner gradient ( Fig. 1 and Table 3 ). More recent bimonthly seasonal sampling of two of our study lakes (Spiridon and Karluk lakes) further supports this. The phytoplankton biomass of Karluk Lake, with approximately 19,000 sockeye salmon spawners, is consistently twice as great as the biomass present in Spiridon Lake, a reference lake with no spawners (I. Gregory-Eaves, unpublished data). The presence of fungi and bacteria in periphyton could allow for some of the enriched ␦ 13 C in this sample matrix to come from the direct consumption of salmon. We believe that the direct incorporation of enriched ␦ 13 C in periphyton from salmon, however, is unlikely to be the primary source because at the highest salmon spawner density lakes the periphyton ␦ 13 C consistently is enriched relative to the salmon tissues (Fig. 1B) .
At higher trophic levels, ␦ 13 C signatures of food web elements can be explained by both primary producer-induced enrichment and differences in carbon sources. Specifically, like the periphyton, the pelagic zooplankton samples show a significant positive relationship with sockeye salmon spawner density (Table 3) , which likely is related to increased algal productivity along this gradient. Pelagic zooplankton, however, feed on phytoplankton, which tend to be more depleted in ␦ 13 C relative to periphyton because periphyton have a fixed position in the water column. As a result, periphyton are more susceptible to dissolved inorganic carbon depletion [29, 30] and thus it is logical that the pelagic zooplankton samples have a lower ␦ 13 C-intercept (Fig. 1B) relative to that observed for periphyton. It also is well established that, unlike ␦ 15 N, ␦ 13 C shows only a weak enrichment signal amongst trophic levels [30, 31] , and thus the lower ␦ 13 C of zooplankton is not unexpected.
The intermediate ␦
C position of the rainbow trout, between periphyton and zooplankton, reflect their consumption of both benthic and pelagic food sources. The ␦ 13 C signature of rainbow trout also significantly is related to the sockeye salmon spawner density gradient. This enrichment trend of ␦ 13 C in rainbow trout likely reflects the primary producerinduced enrichment, as well as an increased consumption of sockeye salmon tissues (Fig. 1B) .
Lake stratification also has been proposed as a mechanism that can produce variation in ␦ 13 C and ␦
15
N in food web elements. For example, Vander Zanden and Rasmussen [27] suggested that an observed negative logistical relationship between primary consumer ␦ 13 C and ␦ 15 N derived from stratification-induced anoxic conditions wherein denitrification enriched 15 N and increased respiration depleted 13 C. Our study Trophic 2 . The relationship between mean sockeye salmon spawners ϫ km Ϫ2 and log ⌺DDT in pg ϫ g Ϫ1 lipid weight (A) or log chlorinated biphenyl 101 in pg ϫ g Ϫ1 lipid weight (B). The relationship between ␦ 15 N and log ⌺DDT in pg ϫ g Ϫ1 lipid weight (C) or log CB 101 in pg ϫ g Ϫ1 lipid weight (D). The relationship between trophic position and log ⌺DDT in pg ϫ g Ϫ1 lipid weight (E) or log CB 101 in pg ϫ g Ϫ1 lipid weight (F). The intraclass correlation coefficients for log ⌺DDT lipid weight and log CB 101 lipid weight are 0.64 and 0.54, respectively. Given that the n min estimates are low (i.e., less than half of the total number of fish), we conclude that these are robust relationships. The dashed line across all figures indicates the mean value determined from the analyses of 20 sockeye salmon muscle and skin tissues (i.e., log[CB 101 pg ϫ g Ϫ1 lipid weight] ϭ 4.83 and log[⌺DDT pg ϫ g Ϫ1 lipid weight] ϭ 5.76).
lakes, however, are deep with large hypolimnia and thus ␦ 13 C depletion, as a result of the increased importance of respired carbon sources, and ␦ 15 N enrichment, through denitrification, are unlikely. Furthermore, we observed positive relationships between ␦ 15 N and ␦ 13 C across all food web components, which are explained most simply by salmon loading.
Bioaccumulation of salmon-derived contaminants in rainbow trout
Ewald et al. [12] proposed that the delivery of contaminants by salmon could explain differences in both the concentration and fingerprint of contaminants between two populations of resident fish, one from an isolated lake and one from a lake that received anadromous salmon. Here, we have sampled rainbow trout from lakes exhibiting a wide gradient of salmon loading to provide a stronger statistical and mechanistic basis of the importance of salmon as a contaminant transport vector.
Because the tendency of an organism to uptake lipophilic contaminants such as PCBs and pesticides is related to its lipid content [32] , we first determined whether there was a significant relationship between ⌺PCB or ⌺DDT concentration and the % lipid in the muscle and skin tissues analyzed. Relationships for both organochlorine classes were found to be significant ( p Ͻ 0.05), and thus we have opted to lipid-normalize our data. We have corrected our data for lipids by dividing the wet weight contaminant results by the fraction of lipids present in that sample, because isometric relationships were present in the untransformed data [32, 33] .
With the lipid-normalized data, we see significant positive relationships between ⌺DDT or PCB 101 in rainbow trout (the single most abundant PCB congener across all of the trout samples, Fig. 2A and B) and sockeye salmon spawner density. The scatter in contaminant concentration in each lake is expected because the spawner density to each lake does not necessarily represent the actual amount of salmon-derived nutrients and contaminants assimilated by an individual rainbow trout. Individual trout may vary their uptake depending on the immediate environment they inhabit and their physiological state. When we examined the relationship between ␦ 15 N (the measure of direct and indirect salmon-derived N uptake) and the corresponding lipid-normalized contaminant concentration across all fish, we see a dramatic improvement in the strength of the relationship (Fig. 2C and D) . To further assess the relative strength of the direct assimilation pathway versus the sum of the direct and indirect pathways for contaminant uptake by rainbow trout, we compared the coefficients of determination between the contaminant-trophic position and contaminant-␦ 15 N relationships. Here we see that the relationship between ⌺DDT or PCB 101 and ␦ 15 N is only slightly stronger than the relationships with trophic position (Fig. 2C-F) . These results indicate that the direct consumption of salmon tissues is a key pathway through which contaminants are accumulated in rainbow trout. This is in contrast to the nutrient results, where rainbow trout ␦ 15 N (indicator of the direct and indirect pathways) is much more strongly related to sockeye salmon spawner density than trophic position. Given that nitrogen is Environ. Toxicol. Chem. 26, 2007 I. Gregory-Eaves et al. likely to follow a different pathway than contaminants after the decomposition of salmon carcasses, it is possible that some disconnect between these two constituents occurs. For example, although contaminants like PCBs more likely are transferred directly from salmon to the aquatic foodweb (direct pathway), nitrogen (as ammonium) is actively taken up by primary producers following decomposition and ammonification of salmon carcasses (indirect pathway). Principal components analysis supports the conclusion that salmon are key sources of contaminants to the rainbow trout residing in sockeye salmon nursery lakes. The trout from salmon-free lakes are clearly separated from the other trout and salmon samples (Fig. 3) . We also found overlap in the congener composition among the salmon gonad, salmon muscle ϩ skin, and trout muscle ϩ skin from the low-density salmon lake (Quesnel Lake, BC, Canada). Along the second axis, for which several of the strongly biomagnifying compounds have positive loadings (i.e., PCB 99, 101, 138, 153; Fig. 4) , there is a gradient of trout from lakes with low salmon loading (Quesnel) to those with the high salmon loading (South Olga Lake, AK, USA; Fig. 3 ). The South Olga Lake trout have higher proportions of PCB 153-132-105 and PCB 138-163 relative to the salmon tissues and trout from low salmon loading lakes.
Stepwise multiple linear regressions also were run to identify covariates that could explain other portions of the variation in ⌺DDT or PCB 101 concentrations. The use of classical statistics for these analyses likely has inflated slightly the real degrees of freedom, because our resampling trials have shown that the n min range between Ͻ7 and 12 (depending on the variable examined). We include these analyses, however, as a conservative approach (one with the most power) for identifying other possible predictive variables. Through a preliminary correlation analysis, we found age, fork length, and weight to be significantly correlated. Thus, to minimize collinearity in our multiple linear regression analyses, we included only age from this correlated group. From the list of possible predictive variables (including ␦ 15 N, % lipid, age), only % lipids and ␦
15
N were found to be variables that could explain a significant (p Ͻ 0.05) amount of the variation in our contaminant measures. We included only these significant variables in our final analyses (Table 4) . These results are consistent with our efforts to sample trout of a similar size across the sockeye salmon spawner gradient.
The analyses conducted herein support the concept that salmon provide a key source of contaminant loading in resident fish populations from salmon-bearing lakes. Similarly, Christensen et al. [34] found higher concentrations of contaminants in grizzly bears that had been feeding on salmon versus those that had an herbivorous diet. These authors noted that the overall concentrations detected in their bears were below the no-observed-adverse effects level, but maintained that the effect of contaminants on grizzly bears during their sensitive hibernation phase should be further investigated. The contaminant concentrations carried by the rainbow trout of this study (which ranged between 0.0006-0.0438 g ϫ g Ϫ1 wet wt) are much below the U.S. Food and Drug Administration's legal action or tolerance levels (e.g., tolerances level of 2 g ⌺PCBs ϫ g
Ϫ1 wet wt and legal action level of ⌺DDTs 5 g ϫ g
Ϫ1
Trophic analysis of salmon nutrients and contaminants wet wt; ( [35] ; http://www.epa.gov/ost/fishadvice/volume2/ index.html). These consumption guidelines, however, are designed to minimize risk to the general public. The U.S. Environmental Protection Agency's established screening values are much lower than the U.S. Food and Drug Administration's guidelines, to protect consumers who eat large quantities of fish (e.g., recreational and native fishers) from carcinogenic and noncarcinogenic endpoints. Using the U.S. Environmental Protection Agency's screening values to protect native fishers (i.e., 2.45 ng ⌺PCBs ϫ g Ϫ1 wet wt and 14 ng ⌺DDTs ϫ g Ϫ1 wet wt; [35] ), we found 96% of our rainbow trout to exceed the ⌺PCBs value and 16% of our rainbow trout to exceed the ⌺DDTs value. Overall, we have observed that, across a large gradient of sockeye salmon spawner density and broad spatial gradient, food web components consistently show enrichment in 15 N. Where the salmon-derived nutrient signal is strong enough to bring about algal production changes, ␦ 13 C isotopes may be used to track salmon-derived nutrients indirectly in food web components that are not feeding substantively on salmon directly. In resident fish, the ␦ 13 C signature likely is driven by the productivity-induced enrichment of lower trophic levels as well as consumption of the relatively enriched salmon tissues; both factors would lead to enrichment along the spawner density gradient. Persistent organic pollutants are delivered to freshwater spawning sites through the same anadromous vector. Accumulation of contaminants in resident rainbow fish, however, appears to rely heavily on the direct consumption of salmon tissues. Between 82 and 88% of the variation explained by the relationship between contaminant concentration and ␦ 15 N (which incorporates both direct and indirect pathways) is expressed in the direct pathway (trophic position indicator). Where densities of sockeye salmon are substantial (i.e., greater than 15,000 spawners ϫ km Ϫ2 ), sufficient pollutants are incorporated in rainbow trout for them to compromise the health of large consumers of trout.
